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ABSTRACT 
Guided by the criteria of strong oxygen affinity and strong 
tendency  toward  surface  segregation-  over  Nb, artificial 
tunnel  barriers of thin  Mg(10-65  A),  and  Y(4-30  A) 
overlayers  on N b  were  investigated.  Very  high-quality 
tunnel junctions of the types Nb/Mg-oxide/Pbo,gBio,l and 
Nb/Y-oxide/Pbo,,Bio,l  were  obtained,  particularly  in the 
latter case, with ANb of 1.57  meV  and  excess  conduction  at 
2 mV  to  be 1.4 X of that  at 4 mV. As  characterized 
by the  XPS technique,  Mg  and Y  overlayers  as  thin  as 10 A 
are sufficient to  protect  the  underlying  Nb film from 
oxidation.  The  Mg-oxide  and  Y-oxide  formed  on the 
surface  by  air  oxidation  are  mainly  hydrated.  The  rapid 
loss of metallic  Mg  and  Y  near  the  surface  can  be 
accounted for by the grain boundary diffusion mechanism 
previously invoked to explain results pn Nb/Al overlayers. 
The  Nb  spectrum of the  Nb/30 A  Y  sample  shows 
remarkably clean, metallic Nb feature, very comparable to 
that  obtained  on a N b  foil  in-situ  scrape-cleaned in 
ultrahigh vacuum. Artificial barriers formedo by oxidation 
of thin  rare-earth  metal  layers  Er(5.1-20.4A)  were  also 
attempted.  Good-quality  unnel  junctions of the  type 
Nb/Er-oxide/Pbo,gBio.l  were  made,  but  inferior  to  those 
made with AI, Mg, and Y overlayers. XPS shows clearly 
that the surface oxide consists of both Er-oxide and Nb- 
oxide. 
I. INTRODUCTION 
The  recent  advance of using  thin A1 overlayers  on Nb  in  
making  Nb-based  tunnel  junctions','  has  attracted  much 
attention. Besides  its  technological  importance,  the 
material  properties of such  metal-overlayer  structures 
exhibit a new surface phenomenon. From the tunneling- 
characteristic  measurements  Rowell  et  all  showed  that a 
few monolayers of A1 on a N b  surface  can  change  the 
barrier' from being Nb-oxide like to being Al-oxide like. 
From X-ray  photoemission  spectroscopy  oanalysis3  it was 
found  that  an A1 overlayer as thin as 9.5 A can protect the 
underlying Nb  substrates  fromoxidation.  B th
experiments  come  to  'the  same  conclusion  that  hin A1 
overlayers  wet  he  Nb  surface  cqmpletely,  provided  an 
overlayer  thickness  greater  than  10  A  is  deposited. 
The  tendency  of  the  overlayer,  B,  to  wet  the  underlying 
substrate, A, is largely  determined by the  bond  strength 
between A and B metals. However, too strong a chemical 
bond will eventually lead to finite solid solubility or even 
compound  formation.  Additional  factors  involving  the 
surface  enthalpies  of A and B need  to  be  considered  as 
well. According  to  Miedema4  nd Chelikowsky' t he  
interplay between the heat of solution of B in A, and the 
difference of the  surface  nthalpies  of B and A will 
determine  whether  the B element will segregate  to  the 
surface of an  AB alloy. As pointed in the previous work,3 
one beneficial  effect  derived  from the  strong  tendency of A1 
to segregate to the surface of N b  is the grain boundary 
diffusion mechanism which removes the excess metallic AI 
from  the interface  b tween  the A1 oxide  and  the 
polycrystalline N b  substrate. 
In this work, guided by the criteria of strong oxygen 
affinity and  strong  surface  segregation  tendency, artificial 
tunnel barriers formed by air-oxidation of thin Mg and Y 
overlayers on N b  were investigated. Both Mg and Y are 
known  to  meet  the  desired  criteria  even  better  than  AI. 
Electron-tunneling  as well as  X-ray  photoemission 
spectroscopy  were  used  to  characterize  the  material 
properties of the  air-oxidized  surface  formed  by  such 
overlayer  structures.  Similar  studies  on  rare-earth  Er 
overlayer on Nb  were  made and compared with the recent 
results by Umbach  et aL6 
11. EXPERIMENTAL PROCEDURES 
Samples of Nb/Mg,  Y,  and  Er  overlayer  structures  were 
prepared by dual-target  magetron  sputtering  with  deposition 
conditions  similar  to  those  used  in  the  preyious  work','  for 
AI overlayers. The Nb films of -3000 A thickness were 
deposited near room temperature. The substrates rested on 
a table which can be rotated with a variable speed control. 
Shortly  after  the  Nb  deposition,  the  substrates  were  passed 
underneath  the  2nd  target  for  the  overlayer  deposition. 
Thermal oxidation in room air for less than 15 min  was 
used  for all samples  studied.  Tunnel-junction  areas  were 
defined by hand-painting thin layers of DUCO cement. on 
the film edges  and  then  depositing  a Pbo,,Bio., counter- 
electrode.  The XPS data  were  taken by a HP-5950A 
spectrometer  quipped  with a A1 Kor source  and a 
monochromator. 
111. RESULTS AND DISCUSSIONS 
A. Nb/Me Overlavers 
Four samples of Nb/Mg overlayer structures with Mg 
overlayer  thickness of 10,  16.6,  45,  -66  A  were  studied. 
XPS data of the air-oxidized Nb/45 A Mg are shown in 
Fig.  1: In  the oxygen 1s spectrum, mixtures of hydrated 
magnesium  oxide  and  MgO  are  evident.  The  Mg  2p 
spectrum,  shown  in Fig. l(b),  comprises  some metallic Mg, 
Mg-oxide,  and  hydroxide,  as well as  a  broad  underlying N b  
4s component. A  least-squares  line-shape  fitting  routine 
was employed to determine the intensity of the individual 
component, as delineated in the same figure. The intensity 
of the metallic Mg component increases with the thickness 
of the Mg overlayer originally deposited, as expected. The 
N b  3d spectrum  shows  only  the  lines  characteristic of 
metallic Nb, with  quality  comparable to  those  previously 
obtained  in  the  air-oxidized  Nb/AI  samples. 
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Quantitative  analysis of the  measured  intensities of 
MgO,  metallic  Mg,  and  metallic N b  were  carried  out by 
assuming a surface configuration of planar, parallel layers. 
The Mg;oxide thickness is found to be in the range of 7.0 
to 12.5A. The  xcess metallic Mg  left on the  interface 
between MgO and ,Nb is of a thickness varying from zero, 
1 1 . 0 ,  4.9, to  6.1A.  The rapid  loss  of the metallic  Mg 
atoms from the interface at room temperature can only be 
accounted for by the grain-boundary diffusion mechanism 
previously  invoked  toxplain the  r sults  on  Nb/A1 
over layer^.^ Such  behavior is again  in  accord  with  the 
prediction of surface segregation theory of Miedema4 and 
Chelikowsky.’ 
A  representative  current-voltage  characteristic of a 
N b / M g - o ~ i d e P b ~ . ~ B i ~ . ~  junction  at  1.7K is shown in 
Fig.  2(a)  for  a Mg overlayer  thickness of 16.6A.  The 
excess  conduction  at 2 meV is typically about 2.8 X of 
that at 4  meV.  For  similar  oxidation  time  and  overlayer 
thickness, the Mg overlayers tend to form more resistive 
junctions  than AI. In addition,  the  junction  conductance 
shows a slow and asymmetric change with voltage up to 
0.7 V. These observations show that the tunnel barrier of 
the air-oxidized Nb/Mg overlayer sample is not Nb-oxide- 
like,  in  agreement  with  the XPS results. 
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Fig. 1 XPS data for a sample of Nb/45A Mg overlayer 
(a) 0 1s 
(b) Mg 2p  
(c) N b  3d 
B. Nb!Y Overlavers 
Nb/Y  overlayer  st uctures  with  the  Yoverlayer 
thickness  varying  from  4.3  to  30 A were examined. The 
best  result  for  a Nb/Y-oxide/Pbo,9Bio,l  junction was 
obtained  with a Y overlayer  thickness of 8.7  A  and is 
shown in Fig. 2(b). The energy gap of the Nb electrode is 
determined to be 1.57 meV, higher than any other value 
previously  reported  in  the lit rature.  The  excess 
conduction at 2 meV is only 1.4 X lop3 of that at 4 meV. 
Because of the rapid oxidation rate of Y atoms, samples 
with thicker Y overlayers (2 18 A) produce junctions too 
resistive  for  quantitative  measurements. 
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Fig. 2 Current-voltage characteristic of junctions of 
(a) Nb/16.6A M g - o ~ i d e / P b ~ . ~ B i ~ ~ , ,  R = 21.7D 
(b )   Nb /Y  8 .7A  Y-o~ ide /Pb~ .~Bi~ , , ,  R = 181 Q 
(c)  Nb/Er 4.5A  Er-oxide/Pbo,9Bio,l, R = 20 Q 
The  junction  area is typically  of 1.3 X 10-2cm2. 
The XPS data of an air-oxidized Nb/Y 30 A film are 
presented  in Fig. 3(a),  (b),  and  (c).  The Y2O3 and  Y- 
hydroxide  components  become  better  resolved in the 
Oxygen 1s spectrum. According to a least-squares analysis, 
their intensities are in a ratio of 1:2.4. The Y 3d spectrum 
consists  of Y,03, Y-hydroxide,  and  small  amounts of 
residual  metallic  Yeach  with  spin-orbit  splitting.  The 
respective intensities are in a ratio of 1:0.8:0.06. Thus the 
hydroxide contains 3 times as many as oxygen per Yttrium 
atom as in Y203, suggesting that it is a hydrated oxide of 
poorly-defined  stoichiometry. 
The  Nb 3d spectrum,  shown  in Fig. 3(c),  exhibit  a 
remarkably  clean,  metallic Nb  character.  The  suboxide 
NbO has  spin-orbit  components  which  are  known  to  be 
located near the energies at 203.5 and 206.2 eVa7 In the 
present Nb  3d spectrum,  there is little  evidence  for  the 
presence of NbO. In fact, a very reasonable and low value 
of the asymmetry line-shape parameter has been obtained 
in  the  least  quare  analysis  for  the first time.  These 
unusually  clean Nb  spectra, raise questions regarding the 
mechanism  responsible  for  the  absence of NbO  in  the 
Nb/Y ov'erlayer structures,  and  the  ultimately  clean N b  
surface. 
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Fig. 3 XPS data for a sample of Nb/30a Y overlayer 
(a) 0 1s 
(b)  Y 3d 
(c)  Nb 3d 
Substantial efforts were made to obtain a clean metallic 
Nb  spectrum by in-situ  mechanical  cleaning.  A  pre- 
etched-clean 99.99% Nb  foil was repeatedly  scraped  clean in  
an ultra-high vacuum of 7 X lo-'' torr and the XPS data 
were  immediately  taken  in  periods of 5  min.  A clean 
metallic Nb  3d spectrum  comparable  to  that of Nb/30  A  Y 
sample was finally obtained and is shown in Fig. 4 by the 
solid line. Because of the  strong affinity of Nb'for  oxygen, 
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we noted  a  rapid  increase  of  the  NbO  intensity  accompanied 
by the  growth of an  oxygen  signal,  even  when  a  vacuum  as 
low a$ 1 X torr  ismaintained  inthe  spectrometer 
chamber.  This is illustrated by another  spectrum  (dotted 
line) obtained 15 min after the scrape-cleaning procedure. 
In-situ heating of Nb  to  2000°C by electron bombardment 
invariably  left  asubstantial  surface  layer of NbO,  -1 
monolayer. 
For comparison the N b  3d spectrum of the Nb/112 A 
A1 overlayer stru@ture reported  in  Ref.  3  is  also  plotted  as  a 
dash-dotted line. A NbO component with an intensity of 
10 k 2% of that of metallic Nb component is seen. One 
simple  explanation  which  accounts  for  the  presence of NbO 
near  the  interface is the  30  see - 60  sec  interval  required  to 
rotate the substrates between the two sputtering heads in a 
background  pressure of torr.  In  more recent 
preparations of Nb/Al  samples,  the  reduction of the 
baaground pressure to mid low9 torr did improve the Nb 
3d spectrum to the point where it is comparable to that 
shown  in  Fig. 4 by the dotted line. On the other hand, 
repeated  preparations of Nb/Y  overlayer  samples  in
different  background  pressures still reproduce  the  high- 
quality N b  spectrum shown in Fig. 3(c). This observation 
implies that the strong oxygen affinity of Y results in the 
reduction of submonolayer  amounts of NbO  atthe 
interface  between  the  Nb  and Y layers.  It is equally 
important,  however,  that  the Y overlayer  wets Nb  
completely so that the thus obtained clean Nb surface can 
be  preserved  during  air-oxidation. 
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Fig. 4 Nb 3d spectrum for samples of 
(a) ' I "  curve, in-situ scraped-clean Nb foil in 
an  ultra-high  vacuum of 7 X torr. 
(b) " . . . . . ' I  curve, 15 min after scraped-clean in an 
ultra-high  vacuum of lO-'torr 
structure in  ref. 3. 
(c) ' I _ _ _  . . ." curve,  Nb/112A A1 overlayer 
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C. Nb/Er Overlavers 
Finally we report the results of using thin rare-earth Er 
overlayers on Nb. A typical I-V curve of the junction type 
Nb/4.5A  Er-oxide/Pbo,gBio.l  is hown  in Fig. 2(c)  with 
excess  conduction  at 2meV  to be 9.2 X of that  at 
4 meV. As far as the excess conduction is concerned, our 
junctions  appeared  to  exhibit  better  tunnel  characteristics 
than  those  reported by Umbach  et a16 using Er or Lu rare- 
earth  barrier.  The  Er  4d  spectrum  obtained by XPS showed 
only broad Er-oxide features. It was not possible to resolve 
any  residual  metallic  omponent.  The  Er-oxide is also 
clearly hydrated. However, in both pf the Nb/Er samples, 
with Er thicknesses of 5.1 and 20.4 A ,   t he   Nb  3d spectrum 
showed  asubstantial  fraction of Nb205  and  some  Nb 
suboxides. We tentatively conclude that because Er does 
not form a protective oxide and the rapid self-depletion of 
the metallic Er layer, Er may not be suitable for protecting 
the  underlying  Nb  surface  from  oxidation. 
IV. CONCLUSIONS 
In summary, we have  succeeded in using  thin  overlayers 
of Mg, Y and Er on Nb surfaces to form artificial tunnel 
barriers. By the  complementary  characterization  methods 
of electron  tunneling  and  XPS, it is found  that  thin 
overlayers of Mg  and Y can completely wet the  Nb  surface 
and  protect  it  from  oxidation.  High-quality  tunnel  junctions 
made of Nb  and Pbo,,Bi0,, electrodes  can  be  routinely  made 
with  simple  air-oxidation.  For  further  applications in 
tunneling  spectroscopy  or  Josephson  devices,  an  in-situ 
oxidation process is required in order to control junction 
resistance to desirable values. The effectiveness of thin Y 
overlayers in preserving a clean N b  surface should also be 
useful  for  surface  spectroscopic  studies of other  reactive 
transition  metals. 
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